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The factors of suffusion progression due to a series of one-dimensional laboratory seepage tests on cohesive soil were investigated. Suffusion is
the transportation of ﬁner fractions between larger fractions with seepage force. It has been studied for noncohesive soil because suffusion often
takes place in ﬁlter zones at dam sites. However, other soil structures containing cohesive soil are also threatened by suffusion, particularly in
grounds imposed by a high and concentrated seepage force. Following the seepage tests, a series of laboratory penetration tests was conducted to
measure the strength of ground-induced suffusion. We proposed that the potential for the onset of suffusion was governed by the gradation curves
of the materials and the pore size of the outlet due to the results of seepage tests and the synthesis of previous studies. Both suffusion and
clogging take place at high hydraulic gradients. Suffusion is initiated over the critical pore velocity and depends on the material properties.
Namely, if suffusion is allowed in the ground and the soil is allowed to outﬂow from the outlet, suffusion will be initiated. If either one of these is
not allowed, clogging will occur and that will lead to a reduction in hydraulic conductivity. The penetration resistance decreased in proportion to
the progression of suffusion despite the fact that the absolute amount of suffused soil was subtle. This implies risks of the promotion of
vulnerability in practical grounds by continuous and invisible suffusion. In addition, the turbidity of the discharged water proved that by
measuring the preferential migration of ﬁner fractions through the soil specimen, it may be possible to monitor the onset of suffusion.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Internal erosion is the transportation of soil particles inside
the ground. It accompanies the seepage force and sometimes
induces the collapse of dam dikes and levees. Despite various
ﬁlter and core design criteria that have been proposed to
prevent the failure of ground structures (e.g., Terzaghi, 1926;
Bertram, 1940; Sherard et al., 1984a; Vanghan and Soares,
1982), internal erosion has sometimes been reported as the
cause of ground disasters. For example, sinkholes appeared in10.1016/j.sandf.2015.10.008
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der responsibility of The Japanese Geotechnical Society.the W.A.C. Bennet Dam, in Canada, whose core material was
eroded to the ﬁlter zone. The grading distribution in the core
zones was investigated by Stewart and Garner (2000) after
sinkhole accidents occurred. They obtained the loss in ﬁner
fractions by comparing that during construction with that at
failure. Internal erosion from the core zones also took place in
the El Batan Dam, in Mexico, and was detected from the
leakage of turbid water close to the outlet pipe. Berrones et al.
(2011) stated that the grading of the soils in the ﬁlter zones of
the El Batan Dam did not satisfy the recent criteria stated by
Sherard and Dunnigun (1989). Furthermore, a steep-sided
trench induced the formation of differential settlements in the
ground surrounding the outlet conduit.Elsevier B.V. All rights reserved.
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classiﬁed internal erosion into four groups according to the
different initiation mechanisms: a) concentrated leak erosion, b)
backward erosion and piping, c) contact erosion and d)
suffusion. Concentrated leak erosion is the enlargement of
cracks due to erosion from the surface of the cracks, mainly
occurring in the cohesive soil of core zones (e.g., Sherard et al.,
1984b; Wan and Fell, 2004; Haghighi et al., 2013). Considera-
tion of not only the particle size distribution of the core
materials, but also that of the ﬁlter materials, is crucial to
prevent concentrated leak erosion, since the ﬁner fractions of
cores are retained in the granular matrix of the ﬁlters. This
phenomenon is called ﬁltration or self-ﬁltering, and studies on
the computation of the voids of the matrix of the granular soils
are widely known (e.g., Cividini and Gioda, 2004; Reboul et al.,
2010). Backward erosion and piping signify the eruption of
erosion along the direction of the water ﬂow. This eruption of
erosion eventually leads to the formation of shallow pipes to the
surface at the exit of the seepage (e.g, Richards and Reddy,
2012). Contact erosion occurs at the interface between the ﬁne
soil and the coarser soil due to the pulling of the ﬁne soil into
the gaps of the coarser soil (e.g., Wörmen and Olafsdottir,
1992). Suffusion is the movement of ﬁner fractions among the
voids of courser fractions with the seepage force; it is primarily
studied in ﬁlter materials. The aim of most of the previous
studies has been to obtain the conditions of the onset of
suffusion on cohesionless soil; the conditions were separated
into grading distributions and hydraulic criteria. Grading dis-
tributions govern the void size in the specimen and the soil
particles passing through the ﬁlter pores. For example, Sherard
et al. (1984b) carried out slot tests and slurry tests. They found
that the boundary range of the ﬁlter size was closely related to
the ﬁlter size, D15. Kenny, Lau. (1985b) evaluated the constric-
tion size, namely, the pore size through which the soil particles
are capable of passing. The constriction size is obtained by the
specimen length and the value of D60/D10. The hydraulic criteria
on suffusion were grouped into critical hydraulic gradient (e.g.,
Skempton and Brogan, 1994; Wan and Fell, 2008) and critical
pore velocity (e.g., Ke and Takahashi, 2012). In addition,
critical values were related to conﬁning stress. The critical
value commonly indicated the value at the onset of suffusion,
for example, the critical hydraulic gradient or the critical
velocity. Moffat et al. (2011a, 2011b) conducted one-
dimensional seepage tests which were able to control the
conﬁning stress on the specimen, presenting novel insight into
the evolution of internal instability, including suffusion. More-
over, they proposed a linear correlation among hydraulic
conductivity at the onset of instability and vertical effective
stress. Ke and Takahashi (2012) mentioned that the linear
proportion of the hydraulic gradient to the average ﬂow velocity
inﬂected after the gradient reached the critical value. Moreover,
they revealed that the cone tip resistance was decreased by high
hydraulic gradient-induced erosion. Therefore, the onset of
suffusion on cohesive soil can be triggered by various para-
meters and is inﬂuenced by the soil strength.
This paper describes one-dimensional seepage tests on cohesive
soil. Seepage induces an invisible, subtle degree of suffusion,although suffusion principally has been taken into account for
cohesionless soil applied to ﬁlters and just a small degree of it has
been thought not to affect the ground. We suspect that not only
cohesionless soil, but also cohesive soil, contains the risk of the
initiation of a small degree of suffusion where the concentration of
seepage has occurred (e.g, Kuwano et al., 2012). The turbidity of
the discharged water was measured during the experiments to
evaluate even small amounts of suffusion, since the validation of
the erosion progress was able to be monitored with the turbidity of
the leaked water at practical sites, as suggested by Yokoyama
(2002) and Osanai et al. (2006). The initiation of the muddiness of
the drained water has empirically been known to take place prior
to ground disasters.
In addition, we investigate the strength of a ground imposed
with suffusion due to a series of laboratory penetration tests,
following the one-dimensional seepage tests. Sato et al. (2014)
revealed in laboratory model tests that the descent of the
penetration resistance was attributed to the suffusion on noncohe-
sive soil. We suspect that a small degree of suffusion may
invisibly deteriorate ground structures, consequently promoting
ground disasters. From numerical analyses, Maeda et al. (2012)
and Hicher (2013) proposed that erosion causes an increase in the
void ratio and a decrease in stiffness. However, this has yet to be
conﬁrmed in laboratory experiments on natural sand.
The contents of this paper are as follows. The paper initially
provides the results of a series of laboratory one-dimensional
seepage tests which monitored the turbidity of drained water.
The inﬂuence of the seepage conditions, for example, the
difference in hydraulic gradient and the materials, are examined
by the seepage tests. Secondly, the strength of the soil speci-
mens, in which erosion is induced, is evaluated from a series of
laboratory penetration tests. Our aim is to understand the
comprehensive inﬂuence of internal erosion on cohesive soil,
the factors of the onset of internal erosion and the variation in
stiffness of the ground subjected to internal erosion. An
evaluation of the vulnerability brought about by internal erosion
is important because many ground structures have been
threatened by collapse due to earthquakes (e.g., Kazama and
Noda, 2012). Following the discussion on the laboratory test
series, we ﬁnally conclude the paper with a summary of the
processes of suffusion progression and clogging.
2. Testing Method
2.1. Test apparatus
Fig. 1 illustrates the testing apparatus, which includes a soil
chamber and a water tank. The soil chamber consists of an
acrylic cylinder and top and bottom plates, ﬁxed by four metal
rods. The chamber is 80 mm in diameter and 310 mm in
height. The inlet tube is mounted on the water tank; it is
capable of applying high hydraulic gradients. The bottom plate
has 52 holes, 5 mm in diameter, on which a thin ﬁlter, with a
mesh size of 1 mm or 4 mm, is placed. This ﬁlter allows for the
drainage of both soil and water from the specimen. The
discharged soil and water are collected in a bowl set below
the soil chamber.
De-aired 
water
Water tankSoil chamber
Air discharge valve
Water
Hime-gravel 
layer
Soil 
specimen
High pressurized air
Fig. 1. Schematic ﬁgure of seepage test apparatus.
Photo 1. Sampling cells of turbidity.
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mately 10 seconds with a portable turbidimeter and the nepher-
ometory method. The unit of turbidity is NTU, and examples of
sample cells having 5, 50 and 500 NTU are shown in Photo 1.
2.2. Test procedure
The soil specimen, 300 mm in height, is compacted by moist
tamping into 15 layers. Subsequently, Hime gravel (Gs¼2.65 g/
cm3, D50¼1.7 mm, emax¼0.71 and emin¼0.48), 10 mm in
thickness, is placed on the surface of the soil specimen to provide
uniform seepage from the inlet tube to the specimen. After the end
of the submergence of the soil chamber into a bucket, in order to
increase the water content, the specimen is subjected to downward
seepage. The hydraulic gradient of the seepage is controlled by theair pressure applied to the water tank. The value of the gradient is
determined to be less than the gradient inducing piping, and a
collapse accompanies obvious deformation. The relatively high
gradient is consequently subjected to the specimen, but the
purpose of the test is to obtain the fundamental behavior of
suffusion on cohesive soil. The value does not directly simulate a
practical situation, although it is applicable to the dam site. The
amount of drained water and soil, as well as the turbidity of the
drained water in the bowl placed below the chamber, is measured
several times at certain intervals during the experiments. The mass
of the discharged soil exhibits dry weight. It should be noted that
the amount of discharged soil/water means the amount of retrieved
soil/water in the bowl during a certain interval, not the cumulative
one during the test.
3. Test Parameters
The variables examined in the experiments are the hydraulic
gradient of the downward seepage, the compaction degree, the
materials and the pore size of the bottom ﬁlter. Each variable is
described in the following sections and all test conditions are
listed in Table 1.
3.1. Hydraulic gradient of downward seepage
Two conditions of the hydraulic gradient of the downward
seepage are adopted, as shown in Fig. 4: (1) Constant and
(2) Increase/Decrease. The discharged soil and water, as well
as the turbidity, are measured at the determined intervals
(10 min in most cases, see intervals of Table 1), as explained
in the previous section. The hydraulic gradient is kept constant
throughout the experiments under the former condition and
stepwisely ascends or descends at the intervals of the gradient
and time under the latter condition. The ﬁrst and last hydraulic
gradients are shown in Table 1.
3.2. Compaction degree
The specimen is compacted at a constant compaction degree
which was estimated from the compaction curve measured by
re-using the materials for the compaction tests, except for the
Aida sand. This is because Aida sand is crushable and its reuse
is not an option. The Aida sand was prepared at a constant
relative density, as the amounts of retrieved samples at the site
were not sufﬁciently appreciable for carrying out the compac-
tion tests by not re-using the soils.
3.3. Soil specimens
Three kinds of soil are used: Edosaki sand (Gs¼2.705 g/cm3,
ρdmax¼1.76 g/cm3, Wop t¼14.2%, emin¼0.868 and emax¼1.383),
Aida sand (Gs¼2.656 g/cm3, emin¼0.692 and emax¼1.182) and
Shinodo sand (Gs¼2.668 g/cm3, ρdmax¼1.84 g/cm3, Wopt¼
14.0%, emin¼0.918 and emax¼1.375). The grading distributions
of these materials are depicted in Fig. 2. Aida sand mainly consists
of granite soil and is highly permeable. It has induced landslides in
Hiroshima City, Hiroshima, Japan. Shinodo sand was scariﬁed
Table 1
Test conditions of seepage tests.
Code Material Hydraulic gradient (initial-last) Pore size of the bottom ﬁlter (mm) Compaction degree (%) Intervals (min)
E-I60-Dc90 Edosaki increase (10-60) 1 88 20
E-I60-Dc80 Edosaki increase (5-60) 1 79 10
E-D60-Dc90 Edosaki decrease (60-10) 1 89 10
E-C30 Edosaki constant (30-30) 1 90 10
E-C60 Edosaki constant (60-60) 1 90 10
E-I60-Dc90-4mm Edosaki constant (3-33) 4 94 10
Alow-I10 Aida increase (1-10) 1 Dr 96 5-10
Ahigh-I40 Aida increase (5-40) 1 Dr 96 20
S-I30 Shinodo increase (3-30) 1 86 10
Fig. 2. Particle size distribution of testing materials.
Photo 2. Site of retrieval of Shinodo sand in Shobara City.
Fig. 3. H-F relationship of testing materials.
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andosol, as shown in Photo 2, collected in Shinodo City,
Hiroshima, Japan, where a debris ﬂow happened in 2010.
According to Kenny et al. (1985a, 1985b), Edosaki sand and
Shinodo sand, as opposed to Aida sand, are unstable materials that
are vulnerable to the migration of ﬁne particles with the seepage
ﬂow (see Fig. 3). When the F-H plotted curve of the soil was
approximately under the line of F¼1.3 H, ranging to 0.2 F in the
ﬁgure, the material was regarded as unstable, but when the
opposite was true, the material was regarded as stable for the
following reasons. It was proposed that the soil skeleton be
separated into primary fabric, for making the soil skeleton, and
loose particles, capable of being dislodged because the particle size
was small. Soil fractions were included in the loose fractions when
the value of F was less than 0.2 on widely graded soils. The
migration of loose fractions occurred due to the mass fraction
among D to 4D, for soil particles having diameter D were
prevented from the soil particles ranging from D to 4D in
diameter. The void size generated by the soil particles larger than
4D was too large to avoid erosion. F¼1.3 H was proposed as the
threshold of inducing the transportation of loose fractions.
3.4. Bottom ﬁlter
The bottom ﬁlter in all test cases was made of cloth, 1.0 mm in
pore size, and excluding E-I60-Dc90-4mm. The ﬁlter with a poresize of 4 mm was done in plastic, but the material differences in
the ﬁlters had no obvious inﬂuence on the soil specimen.
4. Test Results
We examine four factors related to the onset and the progression
of suffusion by comparing the speciﬁc cases represented in round
Fig. 5. Results of tests on E-I60-Dc90.
Photo 3. Sampling cells of retrieved water for measuring turbidity on E-I60-
Dc90.
Fig. 6. Results of tests on E-I60-Dc80.
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the ascent and the descent of the hydraulic gradient, 3) the effects
of the continuous seepage ﬂow, 4) the effects of the testing
materials and 5) the effects of pore size of the bottom ﬁlter. Details
on each factor are described along with the results in subsequent
sections.
4.1. Effects of compaction degree (E-I60-Dc90 and E-I60-
Dc80)
We investigate the effects of the compaction degree of the
specimen on the threshold of the hydraulic gradient inducing
internal erosion. With the exception of the compaction degree,
both E-I60-Dc90 and E-I60-Dc80 had the same conditions, which
were made by stepwise increases in the hydraulic gradient to
examine the progress of suffusion with a variation in the gradient.
Fig. 5 illustrates the weight of the drained water, as well as the soil
and the turbidity accompanying the ascent of the hydraulic
gradient (h) on E-I60-Dc90 for which h was increased from 10
to 60 at intervals of 10. The weight of the discharged water
increased due to the rise in the hydraulic gradient. On the other
hand, the weight of the discharged soil suddenly began to increase
at h¼40, suggesting that the boundary of the hydraulic gradient
induced internal erosion. The turbidity was relative to the weight
of the eroded soil, corresponding to visual observations of the
sample cells of the retrieved water for each hydraulic gradient, as
shown in Photo 3.
For E-I60-Dc80 to have a 10% lower compaction degree
than E-I60-Dc90, Dc is raised approximately 5% due to the
ascent of the hydraulic gradient. The weight of the drained soil
began to increase over h¼20, which was much lower than the
value of E-I60-Dc90 (see Fig. 6). The critical hydraulic
gradient causing suffusion was deemed to be susceptible to
the density of the ground. The reiteration of the increase and
decrease in the weight of the drained soil was observed,
although the weight of the drained water was constant over h
¼20 and partially affected by consolidation.
4.2. Effects of ascent and descent of hydraulic gradient (E-
I60-Dc90 and E-D60-Dc90)
The hydraulic gradient gradually changed in the practical
ground with rainfall events. The comparison between E-I60-
Dc90 and E-D60-Dc90 indicates the inﬂuence of the differ-
ences among the graded increases and decreases within the
same range. The directions of the arrows in Figs. 7–9 representFig. 4. Two kinds of hydraulic gradients.the directions of the changes in the examined variables with
the progression of time. Both water and soil outﬂows were
more intense on E-D60-Dc90 within the range of h¼10 to 50
than on E-I60-Dc90, but the difference was very limited in
terms of the weight of the drained water. The turbidity and the
weight of the drained soil were greater on E-I60-Dc90 ranging
from h¼30 to 50, for which the disturbance of the micro soil
skeletons was probably generated by the high hydraulic gra-
dient (refer to Chang and Zhang (2013).4.3. Effects of continuous seepage ﬂow (E-C30 and E-C60)
E-C30 and E-C60 are the cases for which the hydraulic gradient
was maintained to be constant for simulating the continuous
seepage ﬂow for a long time. The difference between these two
cases was only the hydraulic gradient. The elapsed time versus the
weight of the drained water, the weight of the drained soil and the
turbidity on E-C30 are shown in Fig. 10. Note that data on the
Fig. 7. Results of discharged water on E-D60-Dc90 and E-I60-Dc90.
Fig. 8. Results of discharged soil on E-D60-Dc90 and E-I60-Dc90.
Fig. 9. Results of turbidity on E-D60-Dc90 and E-I60-Dc90.
Fig. 10. Results of tests on E-C30.
Fig. 11. Results of tests on E-C60.
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weight of the drained soil essentially increased, but occasionally
decreased with time, whereas the weight of the drained water was
relatively constant. The turbidity gradually increased with the
progression of time, since it was relevant to the weight of the
drained soil. E-C60 indicated similar trends to E-C30, but neither
the oscillation of the weight of the eroded soil nor the turbidity wasobserved. Furthermore, the weight of the drained water was
transitionally dropped (Fig. 11).4.4. Effects of testing materials (Alow-I10, Ahigh-I40 and
S-I30)
Test cases using different materials were compared and
imposed on the graded increase in hydraulic gradient to reveal
the relationship between the hydraulic gradient and the degree
of internal erosion. The results of the tests on the Aida sand
(Alow-I10 and Ahigh-I40) are illustrated in Fig. 12, with
respect to the measured values per minute and the hydraulic
gradient, because the intervals of each hydraulic gradient were
varied during the tests. The ﬁgure indicates the continuity
between Alow-I10 and Ahigh-I40. The weight of the drained
water and the turbidity initially increased with the rise in
hydraulic gradient, and subsequently, became constant. On the
other hand, the weight of the drained soil fell to h¼15 after the
end of the rapid increase. It was conﬁrmed that the amount of
eroded soil was very low in comparison to that of the Edosaki
sand because erosion was hardly induced in the Aida sand,
which is known as a stable material.
The trends in the Shinodo sand were relatively similar to
those of the Aida sand; namely, the amount of water outﬂow
abruptly decreased and then became stable, following a rise at
a smaller hydraulic gradient (Fig. 13). The amount of eroded
soil was subtle, but the turbidity gradually increased owing to
the ascent of the hydraulic gradient being inﬂuenced by the
suffusion of the ﬂoating micro particles.
Fig. 12. Results of tests on Alow-I10 and Ahigh-I40.
Fig. 13. Results of tests on S-I30.
Fig. 14. Results of weight of drained soil and water on E-I60-Dc90-4mm.
Fig. 15. Variation in hydraulic conductivity with hydraulic gradient.
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The turbidity was not measured in the drained water which
contained too much soil to retain a uniform concentration of
soil. A great amount of soil was suffused at the beginning, and
subsequently, descended and ﬂuctuated. In contrast, the
amount of drained water was relatively unchanged despite
the ascent of the hydraulic gradient, with trends clearly
distinguishable from those of E-I60-Dc90. (Fig. 14)
5. Analysis
5.1. Variation in hydraulic conductivity with progress of time
Based on Fig. 15, the tendencies for changes in hydraulic
conductivity with the hydraulic gradient were grouped into
three categories: 1) constant, 2) increase and 3) decrease. The
values were determined in drained water and corrected to be
15 1C from the measured temperature of the drained water.
The permeability coefﬁcients on E-C30, E-C60 and E-D60-
Dc90 were constant, since the hydraulic gradient was
unchanged during the experiments in the former two cases.
The reason was not evident for E-D60-Dc90, but the soil
textures were not reconstituted during the experiment posterior
to the ﬁrst impact of the highest hydraulic gradient. The
hydraulic conductivity slowly increased because the speci-
men of E-I60-Dc90 was disturbed and accompanied by a
rise in hydraulic gradient. The other test series (E-I60-Dc80,E-I60-Dc90-4mm, Alow-I10, Ahigh-I40 and S-I30) induced a
decrease in hydraulic conductivity due to clogging. Details on
these differences will be discussed in Chapter 8.
5.2. Particle size distribution of drained soil
The retrieved soil was sieved in order to estimate the particle
size distribution on E-I60-Dc80, E-C60 and E-I60-Dc90-4 mm
after the seepage tests were completed. The results of the
grading curves are depicted in Figs. 16–18. The soil draining
from all the samples, with the exception of E-I60-Dc90-4 mm,
contained a larger amount of ﬁner fractions than the original
soil, which implied that ﬁner particles preferentially eroded
from the specimen. In contrast, the soil discharged from E-I60-
Dc90-4 mm had a slightly smaller amount of ﬁnes contents
than the original sand. The ratio of ﬁner fractions in the soil
gradually decreased with the progression of time in the former
two test series, while it was constant in the latter one, as
portrayed in Fig. 19. The factors generating the two different
trends will be elaborated in Chapter 8.
5.3. Turbidity and weight of drained soil
Haghighi and his colleagues reported that increases in
particle concentration are accompanied by increasing turbidity,
and that this is especially the case when the particles are small.
Fig. 16. Grading distribution of discharged soil on E-I60-Dc80.
Fig. 17. Grading distribution of discharged soil on E-C60.
Fig. 18. Grading distribution of discharged soil on E-I60-Dc90-4 mm.
Fig. 19. Variation in ﬁnes content with progression of time.
Fig. 20. Concentration of soil and turbidity.
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of the clayey fraction in the soil (Haghighi, 2013). Fig. 20
depicts the correlation between the turbidity and the concen-
tration of soil in the drained water of the test series using
Edosaki sand. The turbidity on the Cal-whole/Cal-ﬁne was
measured from that in water that was not drained, but that wasprepared with the mutual addition of Edosaki sand. Cal-whole
used original Edosaki sand and Cal-ﬁne used Edosaki sand that
did not exceed 75 μm. The weight of the drained soil in the
ﬁgure represents the weight of the mixed soil on the Cal-whole
and the Cal-ﬁne. The concentration of soil was a percentage of
the ratio of weight of the drained (mixed) soil to the weight of
the drained water (prepared water). The weight of the eroded
soil was linearly proportional to the turbidity in each case.
Moreover, an approximate similarity was provided for the
relevance between the weight of the drained soil and the
turbidity of all the samples. It was revealed that the drained
soil was expected to contain many more very small, ﬂoating
particles, since the correlation between the drained soil and the
turbidity was not in accordance with the Cal-whole, but with
the Cal-ﬁne.5.4. Critical pore water velocity at onset of suffusion
In the test series for the increase/decrease in hydraulic
gradient, the critical hydraulic gradient, for which the turbidity
was beyond 100 NTU, corresponded to the turbidity of the
drained water and became subtly visible. This is deﬁned as the
commencement of suffusion. The pore water velocity at the
Load cell
Metal stick
Apex angle = 600
Φ = 3 mm
EDT
0.15 mm/sec
100 rpm
Fig. 21. Drawing of penetration test device.
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VS ¼
Q
A
 100
n
ð1Þ
Vs: Pore water velocity (cm/s)
Q: Flow rate of discharged water (ml/s)
A: Cross-sectional area of soil specimen (cm2)
n: Porosity (%)
Table 2 represents the parameters and the calculated values.
Q was deduced from the amount of drained water per second
on the hydraulic gradient at the onset of suffusion, for
example, h¼40 and 20 on E-I60-Dc90 and E-I60-Dc80,
respectively (see Figs. 5 and 6). Although the pore water
velocity was slightly larger for E-D60-Dc90 than for the other
two cases, it was still approximately the same in all cases. The
soil’s settling of 0.016 cm/s was hindered by the upward
velocity of 0.05 mm-0.06 mm in diameter of the ﬁner frac-
tions, according to Sugii et al. (1997), which was equivalent to
the diameter of the maximum loose and movable particles in
the primary fabric of the Edosaki sand, as shown in Fig. 3. Soil
fractions were included in the loose particles when a value of
1.3 H was less than that of F below 0.2, as described in Section
3.3. The critical hydraulic gradient has already been discussed
in previous research as inferred in Chapter 1, but the
acquisition of more data was necessary to prove the herein
postulated processes, as stated above. After this point, critical
velocity means the pore velocity calculated from the critical
hydraulic gradient in this paper.
6. Laboratory Penetration Tests
To evaluate the stiffness of the soil specimen imposed on
suffusion, laboratory penetration tests were carried out on the
soil specimens applied in laboratory seepage tests.
6.1. Test apparatus and procedure
The testing device developed for the laboratory penetration
tests is illustrated in Fig. 21 and was also mentioned by Sato
and Kuwano (2015). The penetration resistance and the
penetration depth were monitored by a load cell and an EDT
(external displacement transducer), respectively, and recorded
at intervals of 0.1 sec. After leaving the soil samples for one
day, as shown in Section 6.2, in order to discharge the
excessive water, a metal stick mounted below the load cell
and EDT, 3 mm in diameter and 250 mm in length, wasTable 2
Pore water velocity at onset of suffusion.
Code Q (ml/s) n Vs(cm/s)
E-I60-Dc80 72.4 0.466 0.0159
E-I60-Dc90 78.0 0.427 0.0160
E-D60-Dc90 82.9 0.388 0.0180penetrated into the soil from the surface to a height of
approximately 50 mm from the bottom of the chamber with
a regular rotation of 100 rpm (around 0.15 mm/sec). The point
of penetration was located at the center of the cross-section of
the soil specimen. This apparatus was similar to that of the
CPT (Cone Penetration Test), but designed to take more
precise measurements. The stick was very slender and the
load cell and the EDT were very accurate. Moreover, penetra-
tion was proceeded slowly and automatically so as to prevent
any disturbance due to the penetration.6.2. Test conditions
The conditions of the penetration tests are listed in Table 3.
Explanations for E-C30, E-C60, Alow-I10 and Ahigh-I40 were
provided in the preceding chapter. The ratio of the discharged
soil (Rd, %) was calculated from Eq. (2).
Rd ¼
Wd
Ws
 100 ð2Þ
Wd: Dry weight of discharged soil (g)
Ws: Dry weight of entire soil specimen (g)
Three other cases, E-C60-ST, E-C60-L and E-NO, were
added to evaluate the inﬂuence of the hydraulic gradient and
the mass of eroded soil on the penetration resistance. The test
Table 3
Test conditions of penetration tests.
Code Material Hydraulic gradient
(initial-last)
Pore size of the bottom
ﬁlter (mm)
Compaction degree
(%)
intervals
(min)
Ratio of discharged
soil Rd (%)
Avarage water
content (%)
E-C30 Edosaki constant (30-30) 1 90 10 (total 90
min)
0.05 % 23.0
E-C60 Edosaki constant (60-60) 1 90 10 (total 60
min)
0.50 % 21.0
E-C60-ST Edosaki constant (60-60) 1 90 10 (total 20
min)
0.75 % 23.7
E-C60-L Edosaki constant (60-60) 45 μm 90 10 (total
60 min)
0.05 % 21.5
E-NO Edosaki no seepage 1 87 – 0 % 21.2
Alow-I10 Aida increase (1-10) 1 Dr 96 5–10 0.10 % 16.0
Ahigh-I40 Aida increase (5-40) 1 Dr 96 20 0.06 % 13.7
Fig. 22. Penetration resistance of Edosaki sand.
Fig. 23. Penetration resistance of Aida sand.
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Chapter 2. The duration imposed on the seepage ﬂow for E-
C60-ST was one-third of that for E-C60. The ratio of the
drained soil was larger for E-C60-ST than for E-C60 because
of a local collapse during the ﬂow. The total time for the
specimen subjected to seepage ﬂow is shown under the
heading of Intervals in Table 3 for Edosaki sand. Filter paper
with micro pores (45 μm) was placed on the bottom plate on
E-C60-L to avoid erosion. E-No was only submerged in the
bucket occupied by water.
6.3. Results of tests on Edosaki sand
"h ¼" and "%" below each test code in Fig. 22 represent the
hydraulic gradient and Rd, respectively. Note that the ﬂuctua-
tion in the resistance along the depth was attributed to the
layers of compaction. The specimen-induced suffusion up to
0.5% of Rd (E-C60, E-C60ST) exhibited lower penetration
resistance than the other test cases without erosion. Compar-
isons between E-C60 and E-C60-L proved that the descent in
penetration resistance was not yielded by the high hydraulic
gradient, but by the erosion inside the specimen.
6.4. Results of tests on Aida sand
A comparison of Alow-I10 and Ahigh-I40 suggests that the
resistance in the lower portion of the specimen was higher for
Ahigh-I40 than for Alow-I10, as particle crushing and clog-
ging were presumed to have occurred due to the high hydraulic
gradient. (Fig. 23)
6.5. Inﬂuence of suffusion on reduction in penetration
resistance
The penetration resistance that ﬂuctuated due to initial
heterogeneity was mainly attributed to compaction. However,
the period of ﬂuctuation was similar in all cases. Fig. 24
illustrates the approximate distributions of the highest and the
lowest values of each ﬂuctuation on Edosaki sand. The four
highest and the four lowest values were obtained; they are
called the 1st to 4th highest/lowest points from the surface ofthe specimen, respectively. The distance was 20 mm from the
1st highest point to the 1st lowest point and then 30 mm from
the 1st lowest point to the 2nd highest point. The location was
similarly regular posterior to the 2nd highest point. It should be
noted that the bottoms of the 1st to 4th compaction layers were
predicted to be located above the 1st to 4th highest points, since
the bottom portion of each layer was the most densely com-
pacted.
1st
2nd
3rd
4th
35 mm
20 mm
30 mm
Highest
Lowest
Fig. 24. Periodic locations of highest/lowest values in the specimen.
Fig. 25. Ratio of discharged soil and highest values of penetration resistance.
Fig. 26. Ratio of discharged soil and lowest values of penetration resistance.
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the lowest points are plotted in Figs. 25 and 26, respectively.
Although the values were scattered, trends in the reduction in
penetration resistance were observed with the increase in Rd,
obvious in the highest points located at the lower portions (3rd
and 4th). Approximately 0.5% of Rd induced 50% of the
reduction in resistance. On the contrary, no remarkable
reduction was induced on the lowest points located at the
upper portion. The area in the vicinity of the bottom of the
specimen was easily eroded compared to the upper portion, as
mentioned by Kondo et al. (2013). The variation in penetration
resistance by erosion might be larger in the dense portions than
in the loose ones because the loose portions were initially
disturbed. Other factors related to the reduction in penetration
resistance were the disturbance due to seepage on the high
hydraulic gradient and the high water content. Comparisons
between E-C60 and E-C60-L proved that the descent in the
penetration resistance was not obtained by the high hydraulic
gradient, but by the erosion inside the specimen. The average
water content measured at several points in each specimen is
shown in Table 3. The difference in the same material was two
or three percent and similar in all cases. Consequently, the
water content did not inﬂuence the penetration resistance
much. Aida sand was more highly permeable than Edosaki
sand, having a lower water content.7. Discussion
7.1. Factors and criteria of suffusion progress
The factors of the onset of suffusion were governed by the
pore size of the bottom ﬁlter and the grading distributions ofthe soil specimen. If the specimen satisﬁed both factors, the
amount of suffusion exceeded the critical pore velocity, as was
described in Section 5.4, leading to a decrease in the soil
strength. If not, clogging took place with an increase in the
hydraulic gradient. The factors of the self-ﬁltration were not
quantitatively evaluated because the number of test cases on
the same material was limited in this paper and only postulated
from the qualitative trends. Particle movement occurred
through both the specimen and the interface between the outlet
and the soil, which mutually inﬂuenced the progression of
suffusion. Only smaller particles were suffused by the migra-
tion from the interior soil specimen. In contrast, larger particles
were preferentially discharged from the exit owing to the self-
weight of each particle. Fig. 24 summarizes and illustrates the
factors proposed in this paper, and details are provided in a
later section.(Fig. 27 and 28)7.2. Onset and progression of suffusion
The onset of suffusion inside the specimen was induced
when the pore velocity was beyond the critical one allowing
for the transportation of the maximum number of loose
particles. When the velocity was under the critical one, smaller
Neither suffusion 
nor clogging
Pore velocity reaches to 
the critical value of onset of suffusion?
Maximum movable particles are prevented 
from suffusion either at the aperture or 
inside the specimen?
Large particles are 
capable of migration?
Permanent clogging 
Temporal clogging Contimuous suffusion
yes no
yes no
yes no
Inducing decrease of 
hytdraulic conductivity
Suffusion progress
Fig. 27. Factors of suffusion progress.
Fig. 28.
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because they were choked by the larger loose particles.
Following the eruption of suffusion, the soil skeleton collapsed
and the displacement of the larger particles began. This is
evidenced by the variation in particle size distribution accom-
panying the progress of suffusion of the discharged soil, as
shown in Section 6.2. Continuous seepage promoted suffusion
because of the generation of the disturbance of the soil matrix;
hence, the amount of eroded soil was increased, such as E-C30
and E-C60.
It was necessary for the soil to be progressively eroded out
from the bottom ﬁlters without self-ﬁltration, clogging (see
Chapter 1) along the specimen. Clogging and self-ﬁltration
indicated a similar phenomenon, which was the ﬁlling of the
initial voids due to the migration of the small soil particles with
the seepage ﬂow. The maximum pore size of the circular
particles, which were able to pass in two dimensions, was
calculated by Kenny and Lau. (1985b), and the signiﬁcance of
the pore size of the bottom ﬁlter on the discharging soil was
proposed by Nakajima et al. (2013). When the bottom ﬁlter
allowed erosion, the mass of the suffused soil increased
proportionally with the increase in the hydraulic gradientleading to an increase in seepage force to bring about the
migration of the soil particles. However, the degree of
suffusion did not progress with the ascent of the hydraulic
gradient. These cases are supposed to induce temporal clog-
ging, i.e., the repetition of clogging and erosion, as inferred by
Kondo et al. (2012). The experimental consequence indicated
two factors of temporal clogging which was induced by the
collapse of the primary fabric composed of large particles. The
ﬁrst factor was the low density of the specimen and the second
factor was the large size of the bottom ﬁlter, on E-I60-Dc80
and E-I60-Dc90-4 mm, respectively. E-I60-Dc80, initially
compacted on the low density soil, was expected to be
inevitable of the transportation of the large particles included
in the primary fabric. The slight movements of the primary
fabric were predicted to be one of the triggers of tangential
clogging, taking place on the high hydraulic gradient. It did not
entirely stop the suffusion, but the primary fabric was re-
constituted to prevent suffusion to a certain extent. Another
factor of temporal clogging was the pore size of the ﬁlter.
When it was too large to move the large particles included in
the primary fabric, similar to the low density of the soil,
temporal clogging occurred close to the bottom portion of the
specimen, such as E-I60-Dc90-4 mm, causing the descent or
the ﬂuctuation of a certain amount of drained water with the
increase in the high hydraulic gradient.
7.3. Clogging
Filtration/clogging was induced within the specimen or in
the vicinity of the outlet when the onset of suffusion could not
be avoided at a high hydraulic gradient, as mentioned in a
previous section, inducing the descent of hydraulic conductiv-
ity. E-I60-Dc80 and S-I30 were supposed to be involved in
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regarded as unstable and allow the migration of ﬁne particles.
Alow-I10 and Ahigh-I40 caused clogging near the exit, for the
Aida sand was stable and the occurrence of the interior
suffusion of the soil specimen was theoretically impossible.
In addition, Aida sand is an easily crushable material and
collapsed due to the high pressurized water. The higher
penetration resistance of Ahigh-I40 in the bottom portion,
than that of Alow-I10, implied particle breakage and displace-
ment from the upper portion to the lower one. Clayey particles
could not be prevented from being entrained in the ﬂow even if
clogging occurred; therefore, turbidity might be increased after
the descent of hydraulic conductivity. The ﬁndings of recent
studies on ﬁltration, as described in Chapter 1, were presumed
to be applicable to clogging, namely, the self-ﬁltering of
cohesive soil was accompanied by suffusion.8. Concluding remarks
This study has proposed the interaction of suffusion and
self-ﬁltering, which occurred at the interior of the specimen
and in the vicinity of the outlet. In addition, the inﬂuence of
soil stiffness on suffusion was obtained. The knowledge
acquired in this research is summarized as follows.
i. Suffusion was induced when the hydraulic gradient in the
soil specimen reached the critical value which was yielded
by the density of the soil specimen and the material
properties. The pore water velocity, calculated from the
critical hydraulic gradient at the onset of suffusion, was
approximately similar for all test samples using the same
soil. The critical hydraulic gradient for the cohesive soil
was much higher than that for the cohesionless soil (less
than 0.8 with an upward ﬂow by Wan and Fell, 2008). The
cohesive soil was less vulnerable, and not at risk of
suffusion when the hydraulic gradient was small. However,
the amount of suffused soil was not constant even under the
same conditions, because of the inﬂuence of the local
disturbance on the specimen. This disturbance was gener-
ated during the compaction of the specimen and was
inevitable.
ii. For continuous suffusion, the steady migration of the soil
particles was required from both the soil and nearby the
outlet at the adequate pore water velocity. When migration
was prevented in either of these zones, self-ﬁltering
occurred and the hydraulic conductivity diminished even
when the hydraulic gradient was increased. A decrease in
the gradient increased the risk of ground disasters due to the
increase in both pore water pressure and water content.
iii. The suffusion progress induced a reduction in the penetra-
tion resistance attributed to the disturbance of the soil
skeleton. The changes in grading distributions, due to
suffusion, were negligible in this test series because the
amount of eroded soil was subtle. The variation in grading
is predicted to affect the soil strength when a large degree
of erosion occurs in practical grounds.iv. The turbidity of the discharged water was in proportion to
the concentration of soil, being susceptible to the amount of
clay fraction. The suffused soil included many more ﬁne
particles than the original soil because ﬁner fractions
initially suffused from the specimen. Therefore, monitoring
the turbidity of leaked water leads to the detection of the
onset of suffusion in practical grounds.Acknowledgements
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